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Description 

SYSTEM AND METHOD FOR REDUCING 
NOx EMISSIONS AFTER FUEL CUT-OFF 

EVENTS 

Background of Invention 
[0001] i. Field of the Invention 

[0002] The invention relates generally to a system and method 
for a strategy for the reduction of NOx emissions, and 
more particularly for the reduction of NOx emissions after 
fuel cut-off events in hybrid electric and conventional ve- 
hicles. 

[0003] 2. Background Art 

[0004] During typical modes of operation, hybrid electric vehicles 
(HEVs) perform frequent engine shut off and restart oper- 
ations. During engine shut downs and restarts, air is 
pumped into the exhaust system by the engine. A catalyst 
in the engine exhaust system adsorbs the oxygen from 
the air that is pumped into the exhaust system. Fre- 



quently, the oxygen is of sufficient volume to saturate the 
oxygen storage capacity of the catalyst. A three-way cata- 
lyst (TWC, i.e., a catalyst for simultaneous removal of CO, 
NOx and HC from the engine exhaust gas) that has satu- 
rated or nearly saturated oxygen storage capacity typically 
has diminished NOx conversion ability. 

[0005] when combustion is resumed (i.e., when the engine is 

restarted), the NOx emissions from the engine are not ef- 
ficiently reduced or eliminated by the catalytic converter 
until the oxygen storage level is reduced from the satu- 
rated level. In particular, a NOx spike can occur after an 
HEV engine restart. 

[0006] Conventional methods for attempting to reduce the HEV 
restart NOx spike (i.e., limiting the number of times the 
engine shuts down) may not be totally effective. The NOx 
attributed to the HEV restart is a significant portion of the 
NOx standard for super/ultra low emissions vehicles 
(SULEV) vehicles. 

[0007] Non-HEV vehicles (i.e., conventional vehicles) can also 

have a similar problem when shutting off fuel during high 
speed deceleration conditions (i.e., deceleration fuel cut- 
off). Restart NOx emissions are a problem during deceler- 
ation fuel cut-off of non-HEV vehicles as described above 



for engine restarts of HEVs. In both cases, as the engine 
spins to a low speed or stop a large amount of air can be 
pumped into the exhaust system (and catalyst). The large 
amount of air that can be pumped into the exhaust sys- 
tem can also cause undesirable catalyst cooling. 

[0008] one example of a conventional approach for a method 

and apparatus for controlling an internal combustion en- 
gine capable of intermittent operations is disclosed in U.S. 
Patent No. 6,742,327. The method and apparatus controls 
an internal combustion engine of a vehicle in which an 
exhaust purifying catalyst capable of storing oxygen is 
provided in an exhaust system of the engine. The internal 
combustion engine is adapted to be temporarily stopped 
when a predetermined condition for stopping the engine 
is satisfied, and resumes its operation when the predeter- 
mined condition is eliminated. The internal combustion 
engine is operated so as to reduce an amount of oxygen 
stored in the exhaust purifying catalyst during a tempo- 
rary stoppage of the engine, before fuel starts being 
burned for resuming the operation of the engine. 

[0009] However, such conventional approaches generally fail to 
efficiently reduce or eliminate NOx emissions from the 
engine until the oxygen storage level of the catalytic con- 



verter is reduced from the saturated level. In particular, 
such conventional approaches generally fail to reduce or 
eliminate the NOx spike that can occur after an HEV en- 
gine restart. 

[0010] Thus, there is a need and desire for a system and a 

method to efficiently and effectively provide for control- 
ling exhaust emissions to efficiently reduce or eliminate 

NOx emissions from the engine after fuel cut-off events. 
Summary of Invention 

[0011] a system and method is disclosed that substantially over- 
comes the limitations and shortcomings of conventional 
emissions control systems and methods. In accordance 
with one embodiment of the present invention, a method 
of controlling exhaust emission oxides of nitrogen (NOx) 
from an internal combustion engine (ICE) is disclosed. The 
method includes the steps of determining when an engine 
speed is below a first predetermined level, and controlling 
an oxygen displacement valve (ODV) such that at least a 
portion of exhaust gas generated by the ICE is directed 
into an intake air flow of the ICE. 

[0012] Further, a system for controlling exhaust emission oxides 
of nitrogen (NOx) from an internal combustion engine 
(ICE) is disclosed. The system includes sensors for deter- 



mining operating conditions of the ICE and a controller. 
The controller determines when an engine speed is below 
a first predetermined level, and controls an oxygen dis- 
placement valve (ODV) such that at least a portion of ex- 
haust gas generated by the ICE is directed into an intake 
air flow of the ICE. 
[0013] yet further, a method of controlling exhaust emission ox- 
ides of nitrogen (NOx) from a variable valve internal com- 
bustion engine (ICE) is disclosed. The method includes the 
steps of determining when an engine speed is below a 
first predetermined level, and controlling the variable 
valves such that at least a portion of exhaust gas gener- 
ated by the ICE is directed into an intake air flow of the 
ICE. 

[0014] Further advantages, objectives and features of the inven- 
tion will become apparent from the following detailed de- 
scription and the accompanying figures disclosing illus- 
trative embodiments of the invention. 
Brief Description of Drawings 

[0015] Figure 1 is a diagram of a powertrain system of the 

present invention; and 
[0016] Figures 2(a-b) are diagrams of plots of tailpipe oxides of 

nitrogen (NOx) for a conventional powertrain system and a 



powertrain system according to the present invention, re- 
spectively. 
Detailed Description 

[0017] Hybrid electric vehicles (HEVs) utilize a combination of an 
internal combustion engine (ICE) in connection with an 
electric motor. The electric motor is fed electrical energy 
from a battery to provide the power needed to propel a 
vehicle (i.e., provide power to vehicle tractive wheels) for 
improved fuel economy when compared to a conventional 
(i.e., an internal combustion engine only) vehicle. In a hy- 
brid vehicle, fuel economy can be improved and exhaust 
emissions can be reduced by shutting down (i.e., turning 
off) the engine, especially when the ICE operates ineffi- 
ciently, and using the electric motor to provide all of the 
power needed to propel the vehicle. 

[0018] However, when the user (e.g., driver of the vehicle) wants 
more power than the electric motor can provide or when 
the battery becomes depleted, the engine is generally 
restarted to provide the requested additional power. As 
such, HEVs typically perform frequent engine shut off and 
restart operations (i.e., events, conditions, modes of op- 
eration, etc.) during normal driving conditions. During en- 
gine shut downs and restarts, air is pumped by the engine 



into the exhaust system. An exhaust system catalytic con- 
verter (or catalyst) adsorbs the oxygen from the air. Fre- 
quently, the volume of the adsorbed oxygen is sufficient 
to saturate the oxygen storage capacity of the catalyst. A 
catalyst that has saturated or nearly saturated oxygen 
storage capacity can have poor NOx conversion ability. 
When combustion is resumed (i.e., when the hot engine is 
restarted), the NOx emissions from the engine are not ef- 
ficiently reduced or eliminated by the catalytic converter 
until the oxygen storage level in the catalytic converter is 
reduced from the saturated level. 
[0019] HEV hot engine restart operations can cause undesirably 
high NOx emissions levels in the exhaust gas. The strat- 
egy that is implemented in connection with the system 
and method of the present invention may significantly re- 
duce the amount of NOx that is produced by a HEV or 
conventional powertrain system ICE restart event. In many 
cases, the strategy of the present invention can eliminate 
the presence of a NOx spike that may occur after an HEV 
ICE restart. Operation of the HEV using the electric motor 
generally produces an increase in vehicle fuel economy. 
As such, an improvement in NOx emissions performance 
that allows more engine shut downs (e.g., the system and 



method of the present invention) may also facilitate an in- 
crease in vehicle fuel economy. 
[0020] During a fuel cut-off event (e.g., HEV ICE off or decelera- 
tion fuel cut-off) the engine generally pumps fresh air 
through the engine and exhaust system for an interval of 
time. The air that is pumped by the engine can cool the 
engine exhaust catalyst and alter the chemical state of the 
aftertreatment system (e.g., the exhaust system catalytic 
converter, catalyst), thereby increasing the amount of 
stored oxygen. 

[0021] The system and method of the present invention may also 
be advantageously implemented in connection with con- 
ventional (i.e., ICE only propelled) vehicles during a decel- 
eration fuel cut-off mode of operation. The system and 
method of the present invention may provide lower NOx 
emissions during conventional engine vehicle restart and 
may also provide longer fuel-off times due to decreased 
catalyst cooling when compared to conventional ap- 
proaches. A longer engine fueling off time interval may 
provide increased vehicle fuel economy when compared to 
conventional approaches. 

[0022] Referring to Figure 1, a diagram of a powertrain system 
100 of the present invention is shown. The system 100 



generally comprises an ICE 102, an engine exhaust system 
104, a controller (e.g., powertrain control module (PCM), 
engine control module (ECM), and the like) 106, and an 
evaporative emissions ("evap") control valve 108. The ICE 
102 may be implemented as an engine that is fueled by 
gasoline, diesel, methane, propane, alcohol, etc. In one 
example, the system 100 may be advantageously imple- 
mented in connection with a hybrid electric vehicle (HEV) 
propulsion system. In another example, the system 100 
may be advantageously implemented in connection with a 
conventional (i.e., ICE only) vehicle propulsion system. 
[0023] The ICE 102 generally includes an engine block 120 hav- 
ing at least one cylinder head 122 mounted thereto. An 
exhaust manifold 124 and an intake manifold 126 are 
generally mounted to the cylinder head 122. At least one 
operating condition of the engine 102 (e.g., started, shut- 
down, crankshaft speed, crankshaft position, etc.) may be 
determined via at least one engine sensor 128. An oxygen 
displacement valve 130 may be installed in the exhaust 
manifold 124 or elsewhere in the exhaust system 104. Air 
generally enters the air intake 132, the intake air flows 
through a throttle assembly 134, and the air flows into the 
intake manifold 126. 



[0024] The engine 102 is generally provided measured fuel via 
injectors 140 (e.g., injectors 140a-140n) that are posi- 
tioned in the cylinder head 122 (i.e., direct injection) or in 
the intake manifold 126 to provide the fuel to respective 
engine cylinders. The cylinder head 122 generally con- 
tains at least one respective intake valve 142 (e.g., intake 
valves 142a- 142n) and at least one respective exhaust 
valve 144 (e.g., exhaust valves 144a- 144n) for each cylin- 
der. The intake valves 142 generally control the flow of an 
air and fuel mixture or of air from the intake manifold 126 
into the engine cylinder. The exhaust valves 144 generally 
control the flow of exhaust gas from the engine cylinder 
into the exhaust manifold 124. 

[0025] The throttle 134 generally operates in connection with the 
fuel injectors 140 and the controller 106 to provide a 
proper air-to-fuel ratio (AFR) mixture for the mode of op- 
eration of the engine 102 that is desired by a user (e.g., 
driver) of the vehicle where the powertrain system 100 is 
installed. 

[0026] The exhaust system 104 generally comprises an exhaust 
pipe section 150a, an exhaust pipe section 150b (i.e., a 
tailpipe), and a catalytic converter (i.e., catalyst) 152. The 
exhaust system 104 generally receives exhaust gas from 



the engine 102 via the exhaust manifold 124 and presents 
the engine exhaust gas to the atmosphere. A first end of 
the pipe 150a may be connected to the engine 102 (e.g., 
at the exhaust manifold 124) and a second end of the 
pipe 150a may be connected to an inlet of the catalyst 
152. An outlet of the catalyst 152 may be connected to a 
first end of the tailpipe 150b and a second end of the pipe 
150b may present the engine exhaust gas to the atmo- 
sphere. 

[0027] The catalyst 152 is generally implemented as a three-way 
catalyst (TWC, i.e., a catalytic converter having a first or 
front catalyst at the inlet end and a second or rear catalyst 
at the outlet end). A number of engine exhaust gas oxy- 
gen (EGO) sensors are generally installed (i.e., mounted, 
fastened, etc.) at various locations in the exhaust system 
104 to dynamically determine exhaust gas oxygen and 
other exhaust gas component levels at the respective in- 
stallation locations. An engine-out exhaust gas oxygen 
(EGO) sensor 160 may be installed in the pipe 150a, a 
mid-bed oxygen (EGO) sensor 162 may be installed at a 
mid-bed location in the catalyst 152 (i.e., at a location 
between the front and rear catalysts in the TWC 152), and 
a post-catalyst oxygen (EGO) sensor 164 may be installed 



in the pipe 150b. 

[0028] The improved system and method (i.e., process, opera- 
tion, routine, steps, blocks, algorithm, etc.) for dynami- 
cally controlling engine exhaust emissions of the present 
invention is generally implemented in connection with a 
processor 170 and at least one memory (e.g., random ac- 
cess memory (RAM), read only memory (ROM), EPROM, 
EEPROM, flash, etc.) 172 in the controller 106. The engine 
102 and related components and sensors are generally 
electrically connected (coupled) to and in communication 
with the controller 106. 

[0029] The powertrain controller 106 generally presents/receives 
a number of signals that may be processed (e.g., filtered, 
compared, logically operated upon, analyzed, etc.) to de- 
termine (i.e., detect, calculate, etc.) when an engine shut- 
down and when an engine restart have occurred, and to 
initiate one or more processes (e.g., the processes of the 
present invention) in response to the shutdown and the 
restart operations. The processes of the present invention 
may be implemented in hardware (e.g., logic circuitry), 
software, firmware, and any appropriate combination 
thereof to meet the design criteria of a particular applica- 
tion. The processes performed using the controller 106 



may be implemented in connection with on-board diag- 
nosis (OBD) of NOx performance. 

[0030] The controller 106 may receive/present a signal (e.g., 

ENG) from/to the sensor 128, a signal (e.g., THROT) from/ 
to the throttle assembly 134, a signal (e.g., EVAP) from/to 
the control valve 108, a signal (e.g., FUEL) from/to the in- 
jectors 140, a signal (e.g., ENGVAL) from/to the valves 
142 and 144, a signal (e.g., OXDISP) from/to the valve 
130, a signal (e.g., S_U) from/to the EGO sensor 160, a 
signal (e.g., S_MB) from/to the EGO sensor 162, and a sig- 
nal (e.g., S_P) from/to the EGO sensor 164. The signal 
ENG generally provides the controller 106 information re- 
lated to at least one operating condition of the engine 
102. The signal THROT generally provides information re- 
garding the position of the throttle 134 or controls the 
position of the throttle 134. 

[0031] The signal EVAP generally provides information regarding 
the position of the evap valve 108 or controls the position 
of the evap valve 108. The signal FUEL generally controls 
the fuel injectors 140. The signal ENGVAL is generally im- 
plemented in connection with an engine 102 having vari- 
able valve timing. The signal ENGVAL generally controls 
the operation of the valves 142 and 144. 



[0032] The signal OXDISP generally provides information regard- 
ing the position of the ODV 130 and control of the posi- 
tion of the ODV 130. The signals S_U, S_MB, and S_P gen- 
erally provide information related to exhaust gas emis- 
sions (e.g., NOx levels) at the respective locations in the 
exhaust system 104. The signals S_U, S_MB, and S_P may 
be related engine air-to-fuel ratio (AFR), NOx emissions, 
and the like. 

[0033] The control valve 108 may be connected to the intake 
manifold 126 and the air intake 132. The control valve 
108 may direct the flow of evaporative fuel vapors into at 
least one of the intake manifold 126, the air intake 132, 
and the intake manifold 126 and the air intake 132 in re- 
sponse to the signal EVAP. 

[0034] | n one example, the ODV 130 may be implemented as an 
exhaust gas regeneration (EGR) valve. However, the ODV 
130 may be implemented as any appropriate valve that 
controls exhaust gas flow from at least one of the exhaust 
manifold 124 and the exhaust system 104 into the intake 
air flow in response to the signal OXDISP. 

[0035] During shutdown and restart of the engine 102, some ad- 
ditional oxygen is generally pumped into the exhaust sys- 
tem 104. Very rapidly, the engine 102 generally begins 



stops (or, alternatively) starts combusting (i.e., a shut- 
down, or alternatively, restart operation is performed). As 
discussed above, the additional oxygen is generally unde- 
sirable. As such, at least one process in accordance with 
the present invention is generally implemented to provide 
reduction in the amount of air that is pumped into the en- 
gine 102 and the exhaust 104. 
[0036] APPLICATION TO HEVS 

[0037] | n one example, an engine shutdown and restart proce- 
dure of the present invention that generally mitigates the 
restart exhaust gas NOx spike that may occur in connec- 
tion with operation of an HEV generally comprises at least 
one of the following steps. 

[0038] j, a decision to shut down the engine 102 is generally 

performed via the controller 106 in response to operating 
conditions of the vehicle where the system 100 is imple- 
mented. For example, the electric motor (not shown) that 
is implemented in connection with the powertrain system 
100 in an HEV application may provide adequate power 
for the vehicle operating condition. 

[0039] jj. The engine throttle 134 may be fully closed by the ve- 
hicle controller 106 (e.g., via or in response to the signal 
THROT). 



[0040] j j j . The engine controller 106 generally commands (i.e., 
controls) a rich air to fuel ratio (AFR) (i.e., a rich AFR is 
provided to the engine 102) for a (first) predetermined 
period of time via or in response to the signal FUEL). 

[0041] j v _ The vehicle controller 106 generally opens the engine 
ODV valve 130 (e.g., the ODV 130 directs, controls, di- 
verts, etc. at least a portion of the exhaust gas generated 
by the ICE 102 into the intake air flow of the ICE 102 via 
or in response to the signal OXDISP) when the engine 102 
is operating below a predetermined threshold speed (e.g., 
when the signal ENG provides an indication that the en- 
gine 102 RPM is below the predetermined threshold 
speed, e.g., first predetermined speed). 

[0042] V- The vehicle controller 106 generally stops fueling the 
engine 102 (e.g., the signal FUEL is asserted/de-asserted 
to control stop delivery of fuel to the engine 102). 

[0043] v j. The engine 102 generally spins to a stop (e.g., the en- 
gine 102 proceeds to a shutdown condition). 

[0044] v jj_ The engine 102 generally remains at a shutdown con- 
dition until the controller 106 determines that a restart 
operation is appropriate. 

[0045] v jjj, a decision is made to restart the engine 102 (i.e., the 
controller 106 determines that a restart operation is ap- 



propriate). 

[0046] j x . The ODV valve 130 is generally closed (e.g., no ex- 
haust gas is directed into the intake air flow via or in re- 
sponse the signal OXDISP). 

[0047] x The engine 102 is spun up to a desired or appropriate 
starting speed (e.g., a second predetermined speed) using 
a starter or an electric machine that is operated as a 
starter (not shown). 

[0048] x j. Fuel is provided to the injectors 140 when the con- 
troller 106 determines that the engine 102 has reached 
the appropriate starting speed (e.g., the controller 106 
may monitor the signal ENC, and when the signal ENG in- 
dicates that the engine 102 is at or above the starting 
speed, the controller 106 may assert/de-assert the signal 
FUEL as appropriate to control fuel flow to the injectors 
140). 

[0049] x jj_ The engine controller 106 generally commands a rich 
AFR (i.e., a rich AFR is provided to the engine 102) for a 
brief (i.e., a second) predetermined period of time (e.g., 
via or in response the signal FUEL). 

[0050] x jjj. The throttle 134 is opened to the desired predeter- 
mined position for an engine starting operation by the ve- 
hicle controller 106 (e.g., via or in response to the signal 



THROT). 

[0051] The engine 102 shutdown and restart procedures of the 
present invention may further include at least one of the 
following steps. 

[0052] a The throttle 134 may be closed when fuel is cut-off 

during engine 102 spin down (e.g., the controller 106 may 
command the signals THROT and FUEL to close the throt- 
tle 134 and to stop delivery of fuel to the injectors 140 
when the signal ENG indicates that the speed of the en- 
gine 102 is decreasing during a shutdown operation). 

[0053] b. The controller 106 may assert (i.e., present, transmit, 
send, etc.) the signal THROT such that the throttle 134 is 
closed until delivery of fuel to the injectors 140 is re- 
sumed (e.g., in response to the signal FUEL) when an en- 
gine spin up operation is performed. 

[0054] c _ The controller 106 may assert the signal FUEL such that 
delivery of fuel to the injectors 140 is delayed until the 
speed of the engine 102 is below a predetermined value 
(e.g., the first predetermined speed) during an engine spin 
down operation. 

[0055] d. The controller 106 may assert the signal FUEL such that 
delivery of fuel to the injectors 140 is initiated and main- 
tained when the speed of the engine 102 is at or above a 



(third) predetermined value during an engine spin up op- 
eration. 

[0056] e . The controller 106 may assert the signal FUEL such that 
delivery of fuel to the injectors 140 is initiated and main- 
tained to produce a stoichiometric or rich combustion 
when the speed of the engine 102 is at or above a (fourth) 
predetermined value during an engine restart operation. 

[0057] f. The controller 106 may assert the signal OXDISP such 
that the ODV valve 130 is open (i.e., exhaust gas is di- 
rected from the exhaust system 104 to the intake air flow) 
during at least some of the time intervals of the engine 
102 spin down and spin up processes. 

[0058] g, | n the example of the engine 102 having a flexible valve 
timing system (e.g., the valves 142 and 144 are imple- 
mented in connection with a variable valve timing system), 
valve timing may be controlled to reduce the amount of 
air that is pumped by the engine 102 into the exhaust 
system 104. For example, when the engine 102 is 
equipped with a fully flexible valve system (e.g., an elec- 
tromagnetic valve actuation, EVA, system, and the like), 
the intake valves 142 can be held open with the exhaust 
valves 144 shut (or vice versa)in response to the signal 
ENGVAL to reduce or eliminate air being pumped by the 



engine 102 into the exhaust manifold 124 and the ex- 
haust system 104. 

[0059] yet further, the engine 102 shutdown and restart proce- 
dures of the present invention may include steps (e.g., 
monitoring the signals S_U, S_MB and S_P, and presenting 
the signal FUEL to control the delivery of fuel via the in- 
jectors 140) such that the air-to-fuel ratio is controlled to 
affect the catalyst 152 oxygen storage before, during, and 
after engine 102 shutdown operations. 

[0060] Running the powertrain system 100 in a rich condition 
generally has the effect of eliminating a portion of the 
oxygen that is stored on the catalyst 152 until all oxygen 
is removed. Running the powertrain system 100 in a lean 
condition generally has the effect of increasing the 
amount of stored oxygen until the catalyst 152 is satu- 
rated with oxygen. A brief time period (e.g., the time in- 
terval of the delay until the speed of the engine 102 spins 
down to a value below the second predetermined speed 
value) of rich air to fuel ratio generally reduces the 
amount of oxygen stored on the catalyst 152, and pre- 
pares the catalyst 152 to adsorb an amount of oxygen be- 
fore the shutdown is actually commenced (i.e., initiated, 
began, etc.). 



[0061] By keeping the throttle 134 fully closed during shutdown 
operations, a minimal amount of air may be drawn into 
the engine 102 through the throttle body 134, and the 
amount of air being pumped by the engine 102 is gener- 
ally reduced. 

[0062] Fuel may be provided to the injectors 140 (i.e., the con- 
troller 106 asserts/de-asserts the signal FUEL) for as long 
as possible (i.e., for the first predetermined time interval) 
during the shutdown procedure. In particular, the thresh- 
old speed that is implemented as the criteria for cutting 
off the engine fueling is determined at a speed than gen- 
erally prevents fuel cut off at a high engine speed (e.g., a 
speed greater than 600 RPM preferably, and at a speed 
that is nominally greater than 550 RPM). When fuel is cut 
off at a high engine speed, the amount of air pumped by 
the engine during the shutdown is generally increased 
significantly. 

[0063] Opening the ODV valve 130 (i.e., directing at least a por- 
tion of the exhaust gas into the intake air flow) during the 
shutdown event generally provides at least two advan- 
tages over conventional approaches. The first advantage 
is that instead of drawing air into the intake manifold 126 
exclusively through the throttle 134, the intake manifold 



126 will instead draw in at least a portion of the exhaust 
gas through the ODV valve 130. Since exhaust gas is 
largely depleted of oxygen, exhaust gas may offset the 
oxygen that would have entered the intake manifold 126 
through the throttle body 134. 
[0064] The second advantage is that when the engine 102 stops 
spinning, the vapor pressure inside of the intake manifold 
126 generally rises to atmospheric pressure. When the 
ODV valve 130 is open, the intake manifold 126 generally 
fills with primarily exhaust gas instead of fresh air. During 
the restart event, the intake manifold 126 is largely filled 
with oxygen deficient gas (e.g., exhaust gas) that does not 
contribute to catalyst 152 oxygen storage. Opening the 
ODV 130 during shutdown may significantly reduce the 
amount of oxygen being pumped into the exhaust system 
104 when compared to a conventional shutdown opera- 
tion. 

[0065] As with the shutdown operation, during a restart opera- 
tion of the present invention, the throttle 134 generally 
remains closed until the engine 102 is started or is ready 
to start. Also, fueling is generally resumed as soon as 
possible (i.e., the signal FUEL is generally asserted when 
the engine speed reaches the first predetermined RPM 



level). A brief period of rich operation (e.g., rich operation 
for the second predetermined time interval) of the system 
100 generally reduces the amount of oxygen stored on 
the catalyst 152. The rich period generally reduces at least 
a portion of the oxygen that was stored on the catalyst 
152 by the engine 102 pumping air into the exhaust sys- 
tem 104. 

[0066] APPLICATION TO DECELERATION FUEL CUT-OFF 

[0067] | n another example, at least one procedure according to 
the present invention may be implemented for a decelera- 
tion fuel cut-off operation (e.g., in connection with a con- 
ventional ICE only vehicle). In one example of the present 
invention, such an algorithm generally comprises at least 
one of the following steps. 

[0068] a , a decision to cut (i.e., discontinue, stop, etc.) delivery 
of fuel to the engine 102 is generally performed via the 
controller 106 in response to operating conditions of the 
vehicle where the system 100 is implemented. 

[0069] D , The engine throttle 134 may be fully closed by the ve- 
hicle controller 106 (e.g., via or in response to the signal 
THROT) or by the user (e.g., driver) of the vehicle. 

[0070] c _ The vehicle controller 106 generally controls (e.g., 

opens) the engine ODV valve 130 (e.g., directs at least a 



portion of the exhaust gas into the intake air flow via or in 
response to the signal OXDISP) when the engine 102 is 
operating below the predetermined threshold speed (e.g., 
when the signal ENG provides an indication that the en- 
gine 102 RPM is below the predetermined threshold 
speed, e.g., the first predetermined speed). 

[0071] d_ The vehicle controller 106 generally stops fueling the 
engine 102 (e.g., the signal FUEL is asserted/de-asserted 
to control stopping delivery of fuel to the engine 102). 

[0072] e The engine 102 generally remains spinning. 

[0073] f, a decision is made to resume fueling the engine 102 
(i.e., the controller 106 determines that a fueling opera- 
tion is appropriate). 

[0074] g_ The ODV valve 130 is generally controlled (e.g., closed) 
such that no exhaust gas is directed into the intake air 
flow via or in response the signal OXDISP. 

[0075] h. The throttle 134 is opened to the desired position for 
the engine operation by the vehicle controller 106 (e.g., 
via or in response to the signal THROT) or by the user. 

[0076] j. Fuel is provided to the injectors 140 (e.g., the controller 
106 may assert/de-assert the signal FUEL as appropriate 
to control fuel flow to the injectors 140). 

[0077] j_ The engine 102 begins combusting (e.g., engine 102 ig- 



nition starts). 

[0078] k. The engine controller 106 generally commands a rich 
AFR for a brief (i.e., the second) predetermined period of 
time (e.g., via or in response the signal FUEL). 

[0079] By operating (i.e., opening) the ODV valve 130 during fuel 
cut-off (i.e., diverting exhaust gas into the intake air 
flow), the amount of oxygen adsorbed by the catalyst 152 
is generally reduced, and the temperature drop from the 
catalyst 152 is also generally reduced when compared to 
conventional approaches. 

[0080] METHODS UTILIZING VARIABLE VALVE TECHNOLOGY 

[0081] when the engine 102 is equipped with variable valve tech- 
nology, the volume of oxygen that is pumped by the en- 
gine 102 may be significantly reduced by manipulating 
(i.e., controlling) at least one of the valves 142 and 144 
during a fuel cut off event when compared to conventional 
approaches. In one example, the intake valves 142 may be 
fully shut at fuel cut off (e.g., the controller 106 may as- 
sert/de-assert the signal ENGVAL as appropriate). As 
such, the flow of air into the cylinders and thus into the 
exhaust 104 may be reduced or eliminated. 

[0082] | n another example, the valve train (i.e., the valves 142 
and 144) be manipulated (i.e., controlled, commanded, 



etc.) to pump exhaust gas into the intake manifold 126. 
Control of the valves 142 and 144 in response to the sig- 
nal ENGVAL may mimic (i.e., control flow of exhaust gas 
into the intake air flow substantially the same as) the ODV 
valve 130 operation in response to the signal OXDISP as 
detailed above. That is, the variable valves 142 and 144 
may be controlled such that at least a portion of exhaust 
gas generated by the ICE 102 is directed into an intake air 
flow when a decision is made to shut down the ICE 102. 
The variable valves 142 and 144 may be controlled such 
that no exhaust gas is directed into the intake air flow 
when a decision is made to restart the engine 102. 
[0083] USE OF PURGE VAPOR TO PROVIDE RICH CONDITIONS 

[0084] | n another example, vapors from the evaporative emis- 
sions system may be purged to generate rich operating 
conditions for the powertrain system 100. Using conven- 
tional approaches, adequate purging has proven difficult 
with HEVs due to the general lack of engine idle operation 
time, during which the canister is typically purged. By 
controlling (e.g., opening) the purge valve 108 to provide 
rich conditions to at least one of the intake manifold 126 
and the air intake 132 in response to the signal EVAP, 
rapid evacuation of the fuel vapors may be performed at a 



time interval during which precise control of the level of 
richness is substantially unimportant for emissions con- 
trol. 

[0085] Referring to Figures 2(a-b), a diagram 200 illustrating ex- 
haust gas NOx emissions from a vehicle using a conven- 
tional approach, and a diagram 300 illustrating exhaust 
gas NOx emissions from a comparable vehicle using the 
strategy of the system and method of the present inven- 
tion, respectively, are shown. Plots 202 and 302 generally 
represent the instantaneous tailpipe NOx emissions from 
the vehicles using the conventional approach and the sys- 
tem and method of the present invention, respectively. 
Plots 204 and 304 generally represent the cumulative 
tailpipe NOx emissions from the vehicles using the con- 
ventional approach and the system and method of the 
present invention, respectively. The hot-start Federal Ur- 
ban Driving Schedule (FUDS) emissions were 0.43 g/mile 
and 0.026 g/mile, for the vehicles using the conventional, 
and the system and method of the present invention, re- 
spectively. 

[0086] As is readily apparent then, the system and the method of 
the present invention efficiently and effectively provide for 
controlling exhaust emissions to efficiently reduce or 



eliminate NOx emissions from the engine after fuel cut- 
off events. 

[0087] while the best mode for carrying out the invention has 
been described in detail, those familiar with the art to 
which this invention relates will recognize various alterna- 
tive designs and embodiments for practicing the invention 
as defined by the following claims. 



